-Reference equations that express indexes obtained from forced expiratory maneuvers in relation to height and/or other independent variables are lacking for infants and children with artificial airways. The present study was performed to establish normative data of forced expiration by forced deflation in healthy intubated and paralyzed infants and children and to develop prediction equations in relation to height and to ulna length to enable pulmonary assessments in children whose height is difficult to measure. Measurements of forced and passive expiratory maneuvers after inflation to ϩ40 cmH2O inspiratory pressure were prospectively obtained in 100 healthy anesthetized children from 0 to 5 yr of age. Linear regressions of log-transformed forced vital capacity (FVC) and maximum expiratory flow at 25% and 10% FVC (MEF25 and MEF10, respectively) obtained by forced deflation (Ϫ40 cmH2O airway opening pressure) and of analogous indexes obtained by passive deflation were used to develop prediction equations from height or ulna length. FVC was significantly dependent on age and height or ulna length. Prediction equations for FVC using height or ulna length were as follows: ln(FVC in ml) ϭ Ϫ5.6 ϩ 2.8 ϫ ln(height in cm) and ln(FVC in ml) ϭ 0.46 ϩ 2.5 ϫ ln(ulna length in cm). Younger subjects had a significantly steeper slope for FVC vs. height than the older age group. Normal reference data for forced expiratory maneuvers in intubated infants and children up to 5 yr of age will enable improved assessment of pulmonary dysfunction in acutely or chronically ventilator-dependent children. Using ulna length instead of height should facilitate respiratory assessment in ventilated children with spinal or joint deformities. forced deflation; ulna length; infant lung function testing; cuffed endotracheal tubes THE ANALYSIS of maximal expiratory flow volume (MEFV) relationships is one of the most valuable tests to quantify and follow the severity of pulmonary diseases and to assess therapeutic interventions. Currently, the forced deflation technique is the standard method by which forced vital capacity (FVC) measurements can be obtained in intubated infants and children (22) . In this technique the lungs are inflated to total lung capacity (defined as ϩ40 cmH 2 O inspiratory pressure) and then the intubated airway is suddenly exposed to negative pressure, resulting in rapid lung deflation (25) . The forced deflation technique is well standardized and produces flow limitation consistently for flows at and below 25% FVC in intubated infants with normal lungs. Flow at higher lung volumes is commonly limited by the characteristics of the endotracheal tube (9) . Measurements of FVC maneuvers in intubated or tracheotomized infants and children can be used to describe the nature and severity of respiratory disease and to assess therapeutic interventions (11, 18, 19, 27, 28, 30) . Serial assessments of forced expiratory volumes may be useful to study lung growth and disease progression and resolution in infants with chronic lung disease (23) .
However, reference data for intubated infants and children are very limited, and published values are all reported in relation to body weight (9, 11, 28) . Reference equations that express indexes obtained from forced expiratory maneuvers in relation to height and/or to other independent variables (such as age, sex, or race) are completely lacking for infants and children with artificial airways. Height measurements may be inaccurate or difficult in infants and children with joint or spinal deformities. In such situations, ulna length is easily accessible and has been used to predict pulmonary function in older children (7) .
The aim of this study was to establish normative data in healthy intubated infants and children and to develop prediction equations in relation to height and ulna length. Such normative reference data are fundamental for a valid interpretation of such lung function measurements, especially for the assessment of lung and airway growth in infants and children with chronic respiratory insufficiency (22) .
METHODS

Subjects.
Healthy children between 1 mo and 5 yr of age scheduled for elective ambulatory surgery at the University Children's Hospital Basel and requiring intubation for anesthesia were recruited for this study. All children had to fulfill the risk classification of the American Society of Anesthesiologists ASA I or II. These children were on no medications and had no significant medical history. Children with congenital malformations, premature birth, signs of cardiorespiratory disease, or recurrent lower respiratory illnesses were excluded. All children were without any upper respiratory symptoms for at least 3 wk before pulmonary function testing. History of exposure to tobacco smoke at present and during pregnancy, and family history of asthma and atopy were also obtained at the time of testing.
Informed written consent was obtained from all parents before inclusion. The study was approved by the Ethics Committee of the University of Basel, Switzerland.
Anesthesia. Premedication consisted of midazolam, 0.3 mg/kg orally or rectally, 15 min before induction of anesthesia. Anesthesia was induced with sevoflurane 8% and nitrous oxide via face mask. Following inhalational induction, intravenous access was established and maintenance of anesthesia was switched from inhalational agents to intravenous propofol. Fentanyl at 1-3 g/kg iv and atracurium at 0.5 mg/kg iv were administered before, to facilitate endotracheal intubation. Muscle relaxation was monitored by train-of-four stimulation. All children were intubated with cuffed endotracheal tubes (Microcuff 69469, Weinheim, Germany). Endotracheal tube sizes (in mm) were calculated from the modified Cole's formula for uncuffed tubes [age (in yr)/4 ϩ 4 mm] and chosen 0.5 mm less for cuffed tubes (4) . The cuff was inflated with air to prevent any air leak detectable by auscultation when the lungs were inflated to ϩ40 cmH 2O inspiratory pressure.
Measurements. The children were weighed, and their height and ulna length were measured during the preanesthetic assessment. Ulna length was measured by means of a stadiometer with the tips of the calipers placed at the proximal and distal end of the ulnar bone as previously described (7) . All pulmonary function measurements were obtained preoperatively immediately after induction of anesthesia using the Sensormedics 2600 infant lung function cart (SensorMedics 2600, Yorba Linda, CA). Passive respiratory mechanics were determined using the single-breath occlusion, passive-deflation technique as previously described (20, 21) . Testing was performed by interrupting a breath close to end inspiration during mechanical ventilation in volume-controlled mode delivering a tidal breath of 10 ml/kg body wt. The airway was occluded by the shutter for 300 ms to obtain a pressure plateau of at least 150 ms. The resulting passive exhalation was analyzed for flow, relaxation airway pressure, and volume to calculate total respiratory system compliance (Crs) and resistance (Rrs) by drawing a regression line to the linear portion of the curve. At least eight curves free of artifact were analyzed for each patient, the values were averaged, and the data were recorded.
FVC maneuvers were generated by the forced deflation technique (9, 25) . Before and between the deflations the patient was manually ventilated via the side port of a three-way directional sliding valve (series 8540, Hans Rudolph, Kansas City, MO) placed at the proximal end of the endotracheal tube by squeezing a 0.5-liter Jackson-Rees anesthesia bag filled from a continuous wall oxygen supply. Manual ventilation was controlled by a wall manometer. Before the forced deflation maneuver, the infant's lungs were inflated to a predefined inflation pressure (ϩ40 cmH 2O inspiratory pressure) and held static for at least 3 s to eliminate breath-hold time as a variable (5). The airway was then opened in less than 50 ms by a sliding valve to a 100-liter reservoir at Ϫ40 cmH2O pressure, and the lungs were deflated until expiratory flow ceased or no longer than 3 s. Flow measurements were obtained by a pneumotachograph (model 4700, Hans Rudolph) linearly between 10 and 1,700 ml/s in children below 30 mo of age or below 12 kg body wt. For measurements in children above 30 mo or 12 kg, an ultrasonic transit-time airflow meter (Exhalyzer D with ICU insert, EcoMedics, Duernten, Switzerland) with a measurement range up to 16 l/s was used. The change to the ultrasonic flowmeter was necessary because the software of the pneumotachograph (SensorMedics 2600) allowed only volume measurements up to 907 ml. Both flowmeters were simultaneously used in 22 children for a direct comparison of the techniques. If the measurements were obtained with both techniques, the results from the ultrasonic flowmeter were used for further analysis of the normative data. The resultant flow and volume (by integration of flow) signals were recorded as a MEFV curve with a sampling frequency of 256 samples/s utilizing a personal computer-based data-acquisition system (model 2600 Pediatric Pulmonary Cart, SensorMedics, Anaheim, CA; and Spiroware software, version 1.5.2, ndd Medizintechnik, Zürich, Switzerland). The frequency response of the equipment is flat from 0 -20 Hz to sinusoidal signals. Before the measurements in each patient, the pneumotachograph and the ultrasonic flowmeter were calibrated using a 100-ml syringe (series 5510, Hans Rudolph). In addition, passive expiratory maneuvers were performed from ϩ40 cmH2O inspiratory pressure down to atmospheric pressure (FRC), and the volume was measured by means of the same pneumotachograph. Quadruplicate maneuvers were performed, and the mean volume was recorded. The resulting deflation flow-volume curves were analyzed for FVC and for maximum expiratory flow at 25% and 10% FVC near-residual volume (MEF25 and MEF10, respectively). The volume measured by passive expiration from total lung capacity (TLC) was referred to as passive expiratory capacity (EC), which approximates the more common spirometric measurement of inspiratory capacity. The flow measured at 25% and 10% of EC was referred to as PaEF 25 and PaEF10, respectively. In addition, the rate constant for passive expiration was calculated as the ratio of the differences in flows and volumes between 50% and 25% of expired volume (RC (32) .
Statistical analysis. Statistical analysis was performed in analogy to the study by Jones et al. (17) establishing normal data for full forced expiratory maneuvers by the rapid compression technique in nonintubated infants. Multiple linear regression models were used to examine the effect of height, ulna length, age, and sex on the various pulmonary function tests. A natural-log transformation was performed on all variables to improve the linear relationship of the data. Distribution of the data was tested by the Kolmogorov-Smirnov test. When age was a significant variable independent of length, the population was divided into two groups at the median age, and the slopes of the linear regression equations of FVC vs. length for younger vs. older infants by a t-test.
Reference plots were generated using the log-transformed regression equation of each pulmonary function parameter with height, ulna length, or age. The equation was back-transformed to plot the pulmonary function parameter in the original measurement units. Reference lines are plotted at the upper and lower 5th and 95th percentile. Data obtained simultaneously by the pneumotachograph and the ultrasonic flowmeter were compared using Bland-Altman analysis.
RESULTS
A total of 100 healthy infants and children were consecutively studied, and technically acceptable data were obtained in all of them. Demographic data are presented in Table 1 , and the indications for ambulatory surgery are listed in Table 2 . All children were white Europeans.
Passive respiratory mechanics measurements of the study population were in agreement with previously published normal data of anesthetized children in this age group (12, 15) . It has to be emphasized that all our passive mechanics data includes the physical characteristics of the endotracheal tube affecting Crs to a minor and Rrs to a much greater extent (21) . The mean (SD) Crs of the 100 subjects was 1.13 (SD 0.30) ml ⅐cmH 2 O Ϫ1 ⅐kg Ϫ1 . Crs correlated best with height (see Table 3 ). Adding age in the stepwise regression did not improve correlation and residual variability (P Ͻ 0.005 for height, P ϭ 0.53 for age). The mean (SD) Rrs was significantly different when grouping the subjects according to endotracheal tube size (P Ͻ 0.005, F ϭ 2.7 by ANOVA) but did not Ϫ1 ⅐s for endotracheal tube of 4.5 mm. Spirometric measurements were obtained by the pneumotachograph in 24 infants and by the ultrasonic flowmeter in 76 subjects (22 of these infants were measured with both techniques). Results from the multiple linear regression models using natural logtransformed data are summarized in Table 3 . Forced vital capacity and passive expiratory capacity were highly correlated with body length and ulna length; however, age was also significant after accounting for length. Sex had no effect in our patient population as examined by multiple linear regression models. The effect of a family history of asthma and/or tobacco smoke exposure could not be assessed due to the small number of affected children in our study population. Splitting the study population by the median age (115 wk), the younger age group had a significantly steeper slope for FVC than the older age group (2.9 vs. 2.3, P Ͻ 0.05). In contrast to FVC or EC, the flow parameters correlated most strongly with age, whereas height or ulna length was not a significant independent variable after accounting for age.
The regression equations for each of the pulmonary function parameters vs. height or ulna length using log-transformed data are summarized in Table 4 . Correlation of the flow parameters using height or ulna length was much weaker than for the volume parameters. The scatter of the forced deflation flows (MEF 25 , MEF 10 ) was high. MEF 50 was not analyzed, because flows appeared constant and determined by endotracheal tube pressure-flow characteristics in this flat portion of the curve. Flow measured at 25% and 10% of passive expiratory capacity correlated much better with height or ulna length and showed less scatter of the data (Table 3) . Reference lines were plotted at the mean (50th percentile) and at the 5th and 95th percentile for FVC, MEF 25 , MEF 10 , EC, and PaEF 25 using height and ulna length (Figs. 1-3) .
In contrast to the forced expiratory maneuver, passive expiratory flow-volume curves did not appear to be noticeably determined by endotracheal tube pressure-flow characteristics at and below 50% of EC. This is supported by data demonstrating that endotracheal tubes with an internal diameter of 3.0 mm or more cause only a minor resistance within the flow range measured in our children during passive expiration below 50% of EC (1, 24) . PaEF 50 was in the range of 0.05-0.09 l/s for children with tubes of an inner diameter of 3.0 mm Crs, passive total respiratory system compliance; EC, passive expiratory capacity (passive deflation from total lung capacity to functional residual capacity); FVC, forced vital capacity; MEF25 and MEF10, maximal expiratory flows at 25% and 10% of FVC, respectively; PaEF25 and PaEF10, passive expiratory flow at 25% and 10% of EC, respectively, RMSE, root mean square error. *Crs is in ml/cmH2O, FVC and EC are in ml; MEF25, MEF10, PaEF25, and PaEF10 are in ml/s; age is in wk; height and ulna length are in cm. P Ͻ 0.005 for all variables. FVC and EC are in ml; MEF25, MEF10, PaEF25, and PaEF10 are in ml/s; age is in wk; height and ulna length are in cm. *All models were highly significant (P Ͻ 0.0001).
to 0.26 -0.38 l/s for children with tubes of 4.5 mm. Hence, we used the data to calculate a regression equation for the rate constant for passive emptying of the lung according to Tepper et al. (32) : RC 50-25 ϭ (PaEF 50 Ϫ PaEF 25 )/(EC 50 Ϫ EC 25 ). The equation demonstrates that younger or smaller subjects emptied their lung volume proportionally faster than the older or larger subjects (Fig. 4) .
The volume and flow data collected simultaneously by the pneumotachograph and the ultrasonic flowmeter during passive exhalation showed excellent agreement by Bland-Altman analysis (mean difference Ϯ SD ϭ 1.08 Ϯ 3.33 ml for EC, and mean difference Ϯ SD ϭ 1.2 Ϯ 2.3 ml/s for PaEF 25 ). Agreement was slightly less during forced exhalations with the ultrasonic flowmeter measuring insignificantly higher values (mean difference Ϯ SD ϭ 11.6 Ϯ 4.8 ml for FVC, mean difference Ϯ SD ϭ 4.8 Ϯ 2.9 ml/s for MEF 25 ; Fig. 5 ). The absolute volume differences between the two devices were always below 2% of each other. The intraindividual coefficients of variation for the quadruplicate measurements for FVC, MEF 25 , MEF 10 , EC, PaEF 25 , and PaEF 10 by the two devices are given in Table 5 .
DISCUSSION
The forced deflation technique has previously been used to generate MEFV curves to assess and monitor the nature and the severity of acute and chronic lung disease in intubated or tracheotomized infants and children and to evaluate the response to treatment. The clinical usefulness of such measurements depends on the availability of appropriate reference data Fig. 2 . Maximum forced expiratory flow at 25% FVC (MEF25) vs. height and ulna length (A and B) , and maximum forced expiratory flow at 10% FVC (MEF10) vs. height and ulna length (C and D) using the log-transformed regression equation in Table 4 . Reference lines are plotted at the 5th, 50th, and 95th percentiles. Table 4 . Reference lines are plotted at the 5th (bottom dashed curve), 50th (solid curve), and 95th percentiles (top dashed curve).
to separate the effects of lung disease from those of growth and development. The present study assessed full forced and passive expiratory maneuvers in a large cohort of healthy intubated infants and children and established reference equations using height, age, and ulna length as independent variables. Our normative data close a recognized gap in the assessment of lung function in relation to normal levels of function in ventilated infants and children and provide a reference to assess the presence and development of respiratory impairment in this patient population (22) . The degree of precision (r 2 and root mean square error) of the prediction equations in this study is comparable to those of Jones et al. (17) measuring forced expiratory flows and volumes by the raised volume rapid thoracic compression (RVRTC) technique in healthy subjects up to 3 yr of age or with the widely used data of Zapletal et al. (37) .
The prediction equations using ulna length as independent variable should facilitate respiratory assessment in infants whose height is difficult or impossible to measure. This may for example be useful to evaluate lung growth and the benefit of new treatment strategies in infants with severe congenital chest wall abnormalities, scoliosis, or other joint or bone malformations compromising the respiratory system (3, 26) . Ulna length has been previously described as an ideal alternative to height for prediction of pulmonary function, because it is readily assessable also in wheelchair-bound children, and the measurement is unaffected by weakness or joint deformities Fig. 3 . Passive expiratory capacity (EC) vs. height and ulna length (A and B) , and passive expiratory flow at 25% EC (PaEF25) vs. height and ulna length (C and D) using the log-transformed regression equation in Table 4 . Reference lines are plotted at the 5th, 50th, and 95th percentiles. (7). In line with the study of Gauld et al. (7), prediction equations for pulmonary function using ulna length and age had a similar precision to those using height and age.
In accordance with previous studies, the MEFV curves generated by the forced deflation technique were highly reproducible as demonstrated by low intraindividual coefficients of variation (9, 13) . We used a negative airway opening pressure of Ϫ40 cmH 2 O because it has been previously demonstrated in both animals and infants that this driving pressure consistently achieves flow limitation for flows Յ 25% FVC (9, 14, 29) . Negative flow dependence was observed in animals and infants beyond Ϫ40 cmH 2 O airway opening pressures. In this study, we did not apply varying deflation pressures to assess negative flow dependence but found no deformation of the configuration of the flow-volume curves that would suggest such behavior (9, 10, 29) . In agreement with the study of Jones et al. (17) using the rapid thoracic compression technique, the best fit of the data was obtained by natural-log transformation. However, compared with their lung function data, our regression equation yields considerably higher values for FVC. The relative difference for FVC between the two techniques decreases with increasing height or age (542 vs. 331 ml at a height of 70 cm, and 788 vs. 542 ml at a height of 80 cm). The difference is most likely explained by the fact that we defined TLC at a higher inspiratory pressure (ϩ40 cmH 2 O vs. ϩ30 cmH 2 O inspiratory pressure in the study by Jones et al.) and the use of paralysis and sedation affecting chest wall mechanics and respiratory muscle tone. Loss of intercostal and diaphragmatic activity during neuromuscular blockade will increase chest wall compliance and also decrease resting volume compared with anesthesia without neuromuscular blockade or the awake state (6, 35) . This may have contributed to the substantial difference in FVC between the forced deflation and RVRTC technique. Propofol protects from vagally mediated bronchoconstriction that can occur after tracheal intubation (2) and does not affect respiratory mechanics in children with and without asthma (8) . In contrast to commonly used volatile anesthetics such as sevoflurane or desflurane, it is very unlikely that propofol has influenced the results of our lung function measurements (36) .
The forced flows at MEF 25 and MEF 10 are considerably lower than those reported by Jones et al. (17) at similar low lung volumes in sedated, spontaneously breathing infants. Although a direct comparison is invalid, because flows were not measured at isovolume points, the magnitude of the flow difference between these two studies is surprising. We have previously compared the forced deflation and RVRTC technique in intubated rhesus monkeys and found no significant differences of forced flows at low lung volumes between the two techniques when compared at isovolume points (14) . The most likely explanation for the flow differences is that our FVC values are substantially higher than those reported by Jones et al., so that MEF 25 and MEF 90 must be lower because they are measured at lower volumes. In addition, we are unable to exclude with certainty that flows at these subdivisions, especially MEF 25 , were not affected by physical tube characteristics in all subjects. We believe this to be of minor relevance, because we have previously examined the effect of varying endotracheal tube diameters in a rhesus monkey model and found that MEF 25 remained unchanged using tubes that were Ͻ1.5 mm smaller than the largest tube, which we were able to pass into the monkeys' trachea (10) . An additional explanation may be that there are some inherent differences between curves generated by negative pressure applied to the intubated airway under neuromuscular blockade and positive pressure applied at the body surface to nonintubated subjects.
The group of healthy infants and children evaluated in the present study were recruited from the day surgery clinics. They had no evidence of acute or chronic lung diseases and no systemic disease known to directly or indirectly affect the respiratory tract. Passive respiratory mechanics were all within the expected normal range. Hence, we believe our study group is as close to normal as one can possibly find in intubated infants and children and complies with previous American Thoracic Society/European Respiratory Society recommendations for reference populations (31) . In accordance with previous studies on forced expiratory lung volumes in this age group, a significant influence of sex on FVC could not be demonstrated (17, 33, 34) . Two previous studies found sex effects on flow at low lung volumes (16). Hoo et al. (16) combined four data sets of healthy infants younger than 20 mo to obtain a total of 450 subjects to find that maximal flow at functional residual capacity (V max,FRC ) was, on average, 20% higher in girls than in boys. Jones et al. (17) found lower flows at low lung volumes (FEF 75 ) in boys than in girls using the RVRTC technique. The power of our study was too small to detect any sex-related difference in MEF 25 or to permit detection of an effect of smoking on lung function as it is described in the study by Jones et al.
FVC was significantly dependent on age and body length, which corresponds nicely with the FVC equations generated by the RVRTC technique (17) . In analogy, the younger subjects had a significantly steeper slope for FVC vs. height than the older age group. This is in agreement with the concept that lung volume increases most rapidly in the first year of life when alveolar number is still increasing (34, 38) . The rate constant for passive emptying of the lung declined with growth, most striking in the younger age group (Fig. 4) . These findings are consistent with the concept of dysanaptic growth between airway size and lung volume in the first 1-2 yr of age (32) .
The major limitation of the forced deflation technique is the lack of commercially available equipment, apart from the fact that it can only be used in intubated subjects who are heavily sedated and paralyzed. Due to the presence of an endotracheal tube, flow limitation can only be assessed at very low lung volumes reflecting the slowest emptying lung units and the first to decline with disease. Flows at these low lung volumes do not distinguish levels of airway dysfunction as well as flows measured at higher lung volumes. On the other hand, forced deflation is the only technique that has been applied to measure Data are given as median (range).
MEFV relationships in ventilated and intubated infants and children. This technique offers unique possibilities to assess lung function and the benefit of therapeutic interventions in the most severely ill children, those who are acutely or chronically ventilator dependent. In summary, we report normal reference data for forced and passive expiratory maneuvers in intubated, anesthetized, and paralyzed infants and children up to 5 yr of age. Reference equations using ulna length instead of height enable one to predict pulmonary function in children with spinal or limb deformities whose height is difficult to measure. The data corroborate the notion that parenchymal growth occurs at a more rapid rate in early infancy.
